There are about 80 million adults with high blood pressure (HBP) in the United States, among which 45.9% do not have their blood pressure (BP) controlled to less than 140/90 mm Hg. 1 Uncontrolled HBP increases the risks of death, stroke, coronary heart disease, heart failure, and kidney failure. [2] [3] [4] [5] [6] Smoking causes many diseases and reduces the health of smokers in general. 7 The adverse health effects from cigarette smoking account for nearly one of every five deaths each year in the United States. 7, 8 However, the association between smoking and BP levels remains unclear despite the evidence that cigarette smoking causes various adverse cardiovascular events and acts synergistically with HBP to decrease left ventricular function. [9] [10] [11] [12] [13] Smoking triggers an acute increase in BP and has been thought to be associated with the risk of HBP 10,11 ; however, several epidemiological studies have shown that habitual smokers generally have lower BP than nonsmokers. 12, 13 The inconclusive results of these studies may be attributable to differences in populations, study designs and sample size, and adjusted factors used to control for confounding errors. Most smoking-BP studies are designed around the general population and few studies have been focused on hypertensive patients. Hypertensive patients may present a different pattern in the smoking-BP relationship. A large well-designed study is needed to clarify the relationship between smoking and BP levels and uncontrolled BP among hypertensive patients. Moreover, uncontrolled BP includes three subtypes of isolated uncontrolled systolic blood pressure (SBP), uncontrolled systolic-diastolic BP, and isolated uncontrolled diastolic blood pressure (DBP). How smoking is associated with uncontrolled BP subtypes has not been reported among patients with a diagnosis of hypertension.
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We analyzed data on hypertensive subjects aged 18 years or older from the continuous National Health and Nutrition Examination Survey (NHANES) program in the United States. The large nationally representative population used in this study increases the power to detect a true association between smoking and BP outcomes after adjusting for potential confounders. Smoking and uncontrolled BP are prevalent, devastating to health, and potentially linked mechanistically. This relationship between smoking and uncontrolled BP is of fundamental interest even if the best application of the resulting knowledge is not yet obvious.
METHODS
Study design. The continuous NHANESs 1999 to 2010 were conducted by the Centers for Disease Control and Prevention National Center for Health Statistics (NCHS). 14 They included a series of 2-year cross sectional surveys, representative of the US civilian noninstitutionalized population. NHANES participants were selected using a stratified, multistage probability clustered sampling design. The surveys consisted of interview and examination components. Face-to-face interviews were performed by trained coordinators at the volunteer's house, and examinations were conducted by certified physicians in the mobile examination centers. All adults provided written informed consent, and the surveys were approved by the NCHS Institutional/ Ethics Review Board. 15 Additional detailed methods of the NHANES surveys have been described in the NHANES website and previous publications. 14, 16 Exclusion criteria and study sample. We used data from six cycles of NHANES that included a total of 61,269 participants. Since the objective of the study was to examine the association between smoking and uncontrolled BP outcomes among United States diagnosed hypertensive adults, we included only those individuals aged 18 years or older with a diagnosis of hypertension (n = 8,983). Among these subjects, those who participated in the interview but not the examination (n = 493) and those who were pregnant (n = 19) were excluded from the study. In addition, individuals without recorded BP measurements or whose smoking information was missing (n = 1139) were also excluded. The final analytical data set included 7,829 subjects with diagnosed hypertension.
Blood pressure measurements. The measurement methods for SBP and DBP were consistent from 1999 to 2010. SBP and DBP were measured by trained physicians according to a standardized procedure, using calibrated mercury sphygmomanometers and appropriate-size arm cuffs. 17 Up to four SBP/DBP readings were recorded after participants rested for 5 minutes quietly in a sitting position. For each participant, the average SBP and DBP were calculated as the first SBP/DBP value if only one measurement was obtained, the second value if two readings were taken, the average of the last two values if there were three readings, and the average of the last three values when four readings were available. More than 90% of participants had at least two BP measurements in all survey periods. Pulse pressure (PP) was defined as SBP minus DBP.
Assessment of uncontrolled blood pressure and its subtypes.
A participant was considered to have diagnosed HBP if (i) his/her SBP was greater than or equal to 140 mm Hg or DBP greater than or equal to 90 mm Hg or he/she was taking at least one antihypertensive medication; and (ii) he/she was diagnosed to have hypertension by a doctor. 18 Uncontrolled BP included three subtypes: isolated uncontrolled SBP, uncontrolled systolic-diastolic BP, and isolated uncontrolled DBP. As BP measurements in the study sample were all taken in 1999-2010 when the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC 7) report was commonly used, we adopted the JNC 7 guidelines to defined uncontrolled BP and its subtypes in this study. Isolated uncontrolled SBP was defined as having SBP greater than or equal to 140 mm Hg and DBP less than 90 mm Hg for nondiabetics or having SBP greater than or equal to 130 mm Hg and DBP less than 80 mm Hg for diabetics; uncontrolled systolic-diastolic BP was defined as having SBP greater than or equal to 140 mm Hg and DBP greater than or equal to 90 mm Hg for nondiabetics or having SBP greater than or equal to 130 mm Hg and DBP greater than or equal to 80 mm Hg for diabetics; and isolated uncontrolled DBP was defined as having DBP greater than or equal to 90 mm Hg and SBP less than 140 mm Hg for nondiabetics or having DBP greater than or equal to 80 mm Hg and SBP less than 130 mm Hg for diabetics.
Smoking information.
Smoking history was obtained via household interview for participants aged 20 years or older and in the examination center for participants aged 18-19 years. Smoking status was defined by response to the following questions: "Have you smoked at least 100 cigarettes in your entire life?, " "Do you now smoke cigarettes?, " "Have you ever tried cigarette smoking, even 1 or 2 puffs?, " and "During the past 5 days, did you use any product containing nicotine?" Smokers were defined as participants aged 20 years or older who smoked at least 100 cigarettes in their lives or subjects aged 18-19 years who had ever tried smoking a whole cigarette. Current smokers included smokers aged 20 years or older who reported current smoking and smokers aged 18-19 years who reported smoking in the past 5 days. Former smokers included smokers who did not report current smoking for those aged 20 years or older and smokers who did not report smoking in the past 5 days for those aged 18-19 years.
Clinical measurements. A participant was considered to have high cholesterol if his/her serum cholesterol was at least 200 mg/dl. A participant was determined to have diabetes if s/he had elevated level of glycohemoglobin at least 6.5% or was taking at least one medication for diabetes, and had been given a diagnosis of diabetes by a doctor. 19 We used glycohemoglobin, instead of fasting glucose level, to define diabetes because all the eligible participants took a glycohemoglobin test and data on fasting glucose levels were limited. Albuminuria was categorized according to the urinary albumin to creatinine ratio (UACR). Participants were defined as having microalbuminuria if UACR at least 30 mg/g and less than 300 mg/g, and having macroalbuminuria if UACR at least 300 mg/g. Urinary albumin was measured in a solid-phase fluorescent immunoassay using a Sequoia-Turner fluorometer (Mountain View, CA). Urinary creatinine was measured colorimetrically by a Jaffé rate reaction on a Beckman Synchron AS/ASTRA clinical analyzer (Beckman Instruments, Brea, CA). 19, 20 Other factors of interest. Race/ethnicity was determined by self-report and classified into non-Hispanic white, nonHispanic black, Hispanic, and other race. Education levels were categorized as high school or below and college or above in terms of years in school. The family's poverty income ratio (PIR) was calculated by dividing family total income by poverty threshold issued each year by the Department of Health and Human Services. The poverty threshold was specific to family size, as well as the relevant year and state. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. A participant had obesity if his/her BMI was at least 30 kg/m 2 .
Data analysis. The NHANES Analytic and Reporting
Guidelines 1999-2010 were followed. 21 Survey procedures were performed to account for the complex NHANES sampling design by considering strata, cluster, and sampling techniques (SAS version 9.2, SAS Institute, Inc., Cary, NC). Standard errors were estimated with Taylor series linearization. All surveys were age-adjusted to the US 2000 census data as described. 22 In 2000, 42% of adults were aged 18-39 years, 36% were aged 40-59 years, and 22% were 60 years or older, corresponding to weights of 0.42, 0.36, and 0.22, respectively. For calculating estimates of means and percentages with age adjustment in diagnosed hypertensive subjects, additional weights were calculated, because hypertension prevalence varies by age group. The proportion of adults with hypertension aged 18-39 years, 40-59 years, and 60 years or older in NHANES 1999-2010 was multiplied by their respective year 2000 weight for all adults. Weights were calculated by dividing the quotient for each age group by the sum of quotients for all three age groups in each survey.
We calculated age-adjusted means for continuous variables using PROC SURVEYMEANS and age-adjusted percentages/ rates for categorical variables using PROC SURVEYREG. To test for significant differences in means or percentages/ rates among smoking groups, Wald F test was used to compare means of continuous variables, and χ 2 test was used to compare percentages or rates for categorical variables. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated from five weighted logistic regression models (Model I, Model II, Model III, Model IV, and Model V). These models were linked to the adjustments for different pools of potential confounding factors, to assess the relationship-and the sensitivity of the relationship-of smoking status to the four dependent outcomes: uncontrolled BP, isolated uncontrolled SBP, uncontrolled systolic-diastolic BP, and isolated uncontrolled DBP. Wald χ 2 test was used to determine the significance of these associations. The associations and 95% CIs of smoking with continuous SBP, DBP, and PP were estimated by using multiple linear regression models; the significance of associations was tested using the independent t test.
RESULTS
The final study sample included 7,829 NHANES participants with a diagnosis of hypertension. The average age of the study sample was 60.3 ± 0.3 years (Table 1) , and 54.2% ± 0.7% were females. 34.6% ± 0.6% were former smokers, and 21.4% ± 0.7% were current smokers. Hispanics accounted for 7.5% ± 0.9%, non-Hispanic whites 74.5% ± 1.5%, and non-Hispanic blacks 14.0% ± 1.1%. Among diagnosed hypertensive subjects, the rates of obesity and diabetes were 48.7% ± 0.7% and 24.9% ± 0.6%, respectively. 94.2% ± 1.7% of patients with hypertension were treated, and 48.5% ± 0.9% of hypertensive subjects did not have HBP controlled.
Among diagnosed hypertensive subjects, current smokers were younger (53.7 years vs. 61.0 years, P < 0.0001), poorer (poverty rate: 19.1% vs. 10.5%, P < 0.0001), and less educated (high school or below: 64.7% vs. 50.8%) compared with nonsmokers (Table 1) . Subjects who were currently smoking had lower proportion of females than those who never smoked (42.6% vs. 68.4%, P < 0.0001). Average BMI and obesity rate were lower in current smokers than in nonsmokers (29.6 kg/m 2 vs. 31.4 kg/m 2 for BMI, 42.0% vs. 50.8% for obesity rate; both P < 0.0001). The rate of macroalbuminuria was higher in current smokers than in nonsmokers (5.5% vs. 3.4%, P < 0.01).
Age-adjusted rates of uncontrolled BP across smoking status among diagnosed hypertensive subjects in NHANES 1999-2010 are presented in Table 2 . From this table, we can see that current smokers had a lower rate of uncontrolled BP than nonsmokers (46.2% vs. 53.7%, P < 0.01) in subjects aged 60 years or older. Rates of uncontrolled BP did not differ according to smoking status in the other age groups and in the groups of other characteristics (all P > 0.05). Table 3 lists adjusted ORs and 95% CIs of uncontrolled BP and its subtypes associated with current smoking and former smoking from five weighted logistic regression models, among diagnosed hypertensive subjects in NHANES 1999-2010. In the full model, current smokers were 22% less likely to have uncontrolled BP compared with nonsmokers (OR: 0.78, 95% CI: 0.64-0.94, P = 0.01); the risk of uncontrolled BP did not differ between former smokers and nonsmokers. Analysis of uncontrolled BP subtypes shows that the risk of isolated uncontrolled SBP was 21% lower in current smokers than in nonsmokers (OR: 0.79, 95% CI: 0.64-0.97, P = 0.02), and did not differ between former smokers and nonsmokers. Current smoking and former smoking were not associated with the risks of uncontrolled systolic-diastolic BP and isolated uncontrolled DBP.
5.8% of our study population were not taking antihypertensive medication, despite having a diagnosis of hypertension. In these untreated study participants, the age-adjusted rates of uncontrolled blood pressure were 100% in all three smoking categories. Therefore, we evaluated whether our findings are attributable to these study participants not taking antihypertensive medications. We performed a sensitivity analysis of the association of smoking status with uncontrolled BP, excluding the study participants who were not currently taking antihypertensive drugs for hypertension control. Results of the fully adjusted model excluding study participants not taking antihypertensive medication (Supplementary Table) were similar to the fully adjusted model that included these participants (Table 3) . These consistent results indicate that although the effects of antihypertensive treatment are more critical in BP control, smoking status is independently associated with uncontrolled BP after controlling for treatment.
The adjusted associations of smoking status with continuous SBP, DBP, and PP among diagnosed hypertensive subjects are presented in Table 4 . After adjustment for age, gender, race/ethnicity, education, PIR, BMI, serum cholesterol, diabetes, UACR, and treatment with antihypertensive medication, current smokers had 1.7 mm Hg lower SBP (95% CI: −3.3 to −0.0, P = 0.049) and 1.5 mm Hg lower DBP (95% CI: −2.8 to −0.2, P = 0.02) than nonsmokers; former smokers had 0.9 mm Hg lower DBP (95% CI: −1.7 to −0.03, P = 0.04) than nonsmokers.
DISCUSSION
We found that in a sample of NHANES participants, current smoking was associated with reduced odds of uncontrolled BP and isolated uncontrolled SBP and was not associated with the odds of uncontrolled systolic-diastolic BP and isolated uncontrolled DBP. The association of current smoking with reduced odds of uncontrolled BP was driven mostly by an inverse relationship between smoking and isolated uncontrolled SBP. Our finding of lower SBP and Data were age adjusted by direct standardization to the US 2000 census population except for age-specific estimates. ‡ P < 0.001, † P < 0.01, *P < 0.05 for the significance of the overall difference of means or percentages of characteristics over smoking status.
DBP in current smokers is consistent with our observation that current smokers were less likely to have uncontrolled BP and isolated uncontrolled SBP. The reduction in SBP in current smokers did not translate into better SBP control in a binary sense (controlled vs. uncontrolled) in hypertensive subjects; similarly the decrease in continuous DBP did not correspond with better DBP control.
The association of current smoking with uncontrolled BP in hypertensive subjects is consistent with results of a previous study showing that smoking is associated with better BP control in hypertensive men. 23 Supporting the paradoxical direction of this association, another cardiovascular study reported that smoking cessation could result in a higher risk of hypertension. 24 The reason for the paradoxical association Data were age adjusted by direct standardization to the US 2000 census population except for age-specific estimates. N/A indicates that the sample size of this group is too small to obtain an unbiased estimate of the rate of uncontrolled blood pressure.
† P < 0.01 for the significance of the overall difference of rates of uncontrolled blood pressure over smoking status.
between smoking and uncontrolled BP is unknown. Smoking is associated with weight loss, and weight gain often occurs after smoking cessation. 25 Decreased body weight is related to the reduction in BP in smokers. 26 Table 1 shows that the average body mass index and obesity rate were lower in current smokers than in nonsmokers. Among normotensive individuals, habitual smokers have been reported to have lower BP than nonsmokers. 12, 13 Our study showed that current smokers had 1.7 mm Hg lower SBP and 1.5 mm Hg lower DBP than nonsmokers (both P < 0.05). Taken together with the prior studies, our data support the idea that current smokers may have relatively lower BP than nonsmokers in both normotensive and hypertensive subjects. It is likely that current-smoking subjects did not smoke on the day of the examination visits, which could acutely reduce their BP. 10 A vasodilator effect of cotinine, the major metabolite of nicotine, may contribute to the lower BP. 27 The lower SBP and DBP in current smokers might be Model I: Data were adjusted for age. Model II: Data were adjusted for age, gender, and race/ethnicity. Model III: Data were adjusted from age, gender, race/ethnicity, education, and family poverty income ratio. Model IV: Data were adjusted from age, gender, race/ethnicity, education, family poverty income ratio, body mass index, and serum cholesterol. Model V (full model): Data were adjusted from age, gender, race/ethnicity, education, family poverty income ratio, body mass index, serum cholesterol, diabetes, albumin-to-creatinine ratio, and antihypertensive medication for hypertension. Abbreviations: BP, blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; SBP, systolic blood pressure. *P < 0.05 for the significance of odds ratios of uncontrolled BP, SBP, and DBP associated with smoking status in individual models. Model I: Data were adjusted for age. Model II: Data were adjusted for age, gender, and race/ethnicity. Model III: Data were adjusted from age, gender, race/ethnicity, education, and family poverty income ratio. Model IV: Data were adjusted from age, gender, race/ethnicity, education, family poverty income ratio, body mass index, and serum cholesterol. Model V (full model): Data were adjusted from age, gender, race/ethnicity, education, family poverty income ratio, body mass index, serum cholesterol, diabetes, albumin-to-creatinine ratio, and antihypertensive medication for hypertension. Abbreviations: BP, blood pressure; DBP, diastolic blood pressure; SBP, systolic blood pressure.
† P < 0.01, *P < 0.05 for the significance of odds ratios of uncontrolled BP, SBP, and DBP associated with smoking status in individual models.
explained by the rebound phenomenon and the adaptation process. 28 It has been suggested that after the first few puffs of smoke, BP increases abruptly and only returns to pre-smoking levels after 1-2 hours. 10, 28 Unless smokers had abstained from smoking on the day of examination, it was unlikely that lower BP in smokers was due to withdrawal. Therefore, the rebound phenomenon and the adaptation process cannot explain the mechanism of the paradox of smoking and BP completely. Interestingly, DBP was also found to be lower in either current or former smokers than in nonsmokers in the study. Cigarette smoking chronically induces arterial stiffness which may persist long after smoking cessation. 29 Arterial stiffness may reduce DBP in hypertensive subjects who were smoking or had a smoking history.
Despite the observation that current smoking was associated with lower BP (both SBP and DBP) and decreased odds of uncontrolled BP and isolated uncontrolled SBP in this study, smoking should be strictly avoided because it is unequivocally a leading cause of preventable cardiovascular mortality 30 and a cause of lung diseases, including lung cancer, among many other health problems. Smoking cessation reduces the risk of developing many serious smoking-related diseases 31, 32 and less serious health issues that impact quality of life, such as chronic cough.
There are several limitations in this study. NHANES is a series of national surveys with a cross-sectional design. The findings of this study cannot be used to determine causal relationships in this context. While we controlled for the confounding impact of antihypertensive medication use for hypertension, we could not obtain information about the duration of hypertension treatment and type or dose of medications. Finally, the diagnosis of hypertension was based upon self-report of hypertension diagnosed by a health professional, average SBP and DBP measurements, and the use of prescribed antihypertensive medications.
Our findings in no way contradict the extremely wellestablished evidence showing that cigarette smoking causes lung cancer and cardiovascular disease. The reason for the relationship between smoking and lower blood pressure is not yet known, but might become apparent with additional orders of magnitude in study size and granularity, for example in million person cohorts being gathered by the National Institutes of Health and the Veterans Administration.
We conclude from this study that there is a paradoxical, inverse relationship between cigarette smoking and subtypes of uncontrolled BP in NHANES participants. The reason for this strange, but robust relationship is elusive and deserves further study.
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